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oligonucleotides were developed that do not induce RNase H1-mediated cleavage of mRNA, but instead act by sterically blocking targeted RNA without inducing its degradation. A representative example of steric blocking ASOs is splice-switching oligonucleotides (SSOs), which modulate pre-mRNA splicing and repair defective RNA to restore the production of functional proteins (Havens & Hastings, 2016) . In 2016, two SSOs, eteplirsen (Exondys 51; Sarepta Therapeutics) and nusinersen (Spinraza; Biogen and IONIS Pharmaceuticals), were approved as treatments for Duchenne muscular dystrophy and spinal muscular atrophy, respectively (Aartsma-Rus & Krieg, 2017; Corey, 2017) .
However, in common with all drugs, ASOs carry the risk of causing unintended toxicity. ASOs can cause toxicity through two mechanisms: hybridization-independent and hybridization-dependent effects (Frazier, 2015; Lindow et al., 2012) . Toxicity via a hybridization-independent mechanism is due to interactions between ASOs and biomolecules such as proteins in a manner similar to the unintended toxicities of small molecules. This type of toxicity is unrelated to Watson-Crick base pairing to RNAs, but rather is caused by the chemical properties of ASOs. However, toxicity via a hybridization-dependent mechanism is characteristic of ASOs and is potentially caused by inadvertent binding of ASOs to unintended RNAs which have a sequence similar to the target RNA. Although there have been few reports of toxicity induced by hybridization-dependent off-target effects in clinical trials of ASOs to date, it was recently shown that the hepatotoxicity of gapmer ASOs is mediated by the RNase H1-dependent reduction in unintended off-target RNAs in mice (Burel et al., 2016; Kamola et al., 2017; Kasuya et al., 2016) . This finding suggests that hybridization-dependent off-target effects are the important cause of hepatotoxicity in humans following the administration of gapmer ASOs, similar to those observed in rodents, and indicates the importance of analyzing hybridization-dependent off-target effects for assessing safety.
In light of the above, it would be useful to know the approximate number of complementary regions of ASOs, or off-target candidate sites of ASOs, given the oligonucleotide In general, the number of complementary regions increases as the oligonucleotides become shorter (Figure 1a ). The number of complementary regions also increases if mismatches between oligonucleotides and their target RNAs are tolerated (Figure 1b) . To estimate the theoretical number of complementary regions of ASOs, we first mathematically calculated the theoretical number of complementary regions with perfect matches or mismatches in the total size of human mRNA sequences. To this end, we hypothesized that the four bases (A, G, C and T) are used randomly in Genes to Cells
the three billion (3 × 10 9 ) base pairs of the human genome and in the protein-coding regions of mRNAs constituting 1.9% of the human genome (International Human Genome Sequencing Consortium, 2004) . The calculation formulae and numerical results are shown in Tables 1 and 2 , respectively. For complementary sequences with perfect matches, no sites (<1) are found theoretically for oligonucleotides longer than 13-mer, but the number of sites with perfect matches increases when the oligonucleotides are 12-mer or shorter (Table 2 , see the column "0 mismatch"; 15-mer: <0.1, 14-mer: 0.21, 13-mer: 0.85, 12-mer: 3.4, 11-mer: 14, 10-mer: 54). When mismatches are tolerated, the number of complementary sequences increases dramatically as the number of mismatches increases. For example, in the case of 13-mer oligonucleotides, the number of sites with perfect matches is <1 (0.85), that with one mismatch is 33, that with two mismatches is 596, that with three mismatches is 6,559 and that with more than four mismatches is >10 4 (Table 2, see the row "Length of ASO = 13"). For 18-mers (the length of nusinersen), the number of sites with zero mismatch or one mismatch is <0.1, and that with two mismatches, three mismatches, four mismatches and five mismatches is 1.1, 18, 206 and 1,727, respectively (Table 2 , see the row "Length of ASO = 18"). For 20-mers (the length of mipomersen), the number of sites with zero mismatch, one mismatch or two mismatches is <0.1 and that with three mismatches, four mismatches and five mismatches is 1.6, 20 and 195, respectively (Table 2 , see the row "Length of ASO = 20").
| Probability of existence of complementary regions of ASOs in the total size of human mRNA sequences
Next, we mathematically calculated the probability of existence of complementary regions of ASOs with perfect matches or mismatches in the total size of human mRNA sequences (Table 3 ). The calculation formula is shown in Table 1 . For complementary sites with perfect matches, the probability that oligonucleotides longer than 16-mer have a match in the human mRNA sequences is less than 5% and that of 13-to 16-mer oligonucleotides ranges from 1.3% to 57% (Table 3 , see the column "0 MM"; >18-mer: <0.1%, 17-mer: 0.33%, 16-mer: 1.3%, 15-mer: 5.2%, 14-mer: 19%, 13-mer: 57%). For oligonucleotides shorter than 12-mer, the probability that the oligonucleotides have a perfect match in the human mRNA sequences is more than 97% theoretically (12-mer: 97%, 11-mer>: 100%). When we focus on the complementary sites with mismatches, the probability that oligonucleotides have a match in the human mRNA sequences remarkably increases as the number of tolerated mismatches increases. For example, in the case of 18-mer oligonucleotides, the probability of existence of sites with one mismatch, two mismatches and more than three mismatches is 4.4%, 68% and 100%, respectively (Table 3 , see the row "Length of ASO = 18"). In the case of 20-mer oligonucleotides, the probability of existence of sites with one mismatch, two mismatches, three mismatches and four mismatches is <0.1%, 8.5%, 80% and 100%, respectively (Table 3 , see the row "Length of ASO = 20").
| In silico analysis to obtain the actual number of complementary sequences of ASOs with all of the human mRNA sequences
To validate the theoretical number of complementary sequences of ASOs discussed above, we next performed in silico analysis to obtain the actual number of complementary sites of ASOs with perfect matches or mismatches with all of the human mRNA sequences. We designed several thousand hypothetical ASOs against three human housekeeping genes. The sequence searches allowing nucleotide mismatches were performed using GGGenome (http://GGGenome.dbcls.jp/), developed by the authors' group, rather than the widely used BLAST software (Altschul, Gish, Miller, Myers, & Lipman, 1990) . BLAST might overlook potential complementary regions, as mentioned in our previous work describing siDirect (Naito, Yamada, Ui-Tei, Morishita, & Saigo, 2004) and CRISPRdirect (Naito, Hino, Bono, & Ui-Tei, 2015) , which are web servers for designing off-target minimized siRNA and CRISPR guide RNA, respectively. GGGenome quickly searches short nucleotide sequences utilizing suffix arrays and inverse suffix links indexed on solid state drives. All possible ASO candidates targeting every other position of the three housekeeping genes human GAPDH (glyceraldehyde-3-phosphate dehydrogenase), HPRT1 (hypoxanthine phosphoribosyltransferase 1) and G6PD (glucose-6-phosphate dehydrogenase) were generated, and their potential complementary regions were searched using GGGenome. For example, 1,370 13-mer ASOs targeting every nucleotide position of human GAPDH mRNA were designed (Figure 2 ) and the complementary regions of each ASO with perfect matches, one mismatch or two mismatches were searched and counted. For 13-mer ASOs designed for GAPDH mRNA, the average number of complementary regions was 3.0 ± 3.7 for zero mismatch (excluding the on-target GAPDH locus), 77 ± 61 for one mismatch and 834 ± 415 for two mismatches (Table 4) . In a similar way, we designed all possible 12-to 20-mer ASOs for the three housekeeping genes, and searched and counted their complementary sites to calculate the average number of complementary regions for each oligonucleotide length (Table 5 ). The average number of complementary regions for each housekeeping gene is shown in Tables S1-S3 (human GAPDH, HPRT1 and G6PD, respectively).
For complementary regions with perfect matches, ASOs shorter than 14-mer hit on average at least one off-target site (Table 5 , see the column "0 MM"; 14-mer:1.1 ± 4.8, 13-mer: 3.5 ± 7.7, 12-mer: 11 ± 16). For complementary regions with one mismatch and two mismatches, ASOs shorter than 17-mer and 19-mer hit at least one off-target site (17-mer, one mismatch: 1.0 ± 4.7, 19-mer, two mismatches: 1.5 ± 3.9). When we focus on the complementary regions for each length, the average number of complementary regions increases dramatically as the number of tolerated mismatches increases, in a manner similar to the theoretical number of complementary regions calculated mathematically (Tables 1  and 3 ). For example, for 13-mer ASOs, the average number of complementary regions with zero mismatch, one mismatch and two mismatches is 3.5 ± 7.7, 82 ± 76 and 856 ± 464, respectively. Similar results were obtained from the analysis of each housekeeping gene (Tables S1-S3) . Genes to Cells YOSHIDA et Al.
| DISCUSSION
The size of the human genome "4 15 < 3 × 10 9 < 4 16 " suggests that ASOs longer than 15-mer typically have a unique target site in the human genome. For example, Stein and Cheng (1993) mentioned that "an oligo of more than 15-17 nucleotides in length would have a unique sequence relative to the entire human genome". This prediction was based on the premise that ASOs bind complementary regions with perfect matches and did not consider complementary binding with mismatches. In the present study, we estimated the typical number of complementary regions with mismatches, in addition to perfect matches, in all of the human mRNA sequences by mathematical calculation and in silico analysis. Although the actual number of complementary regions obtained from in silico analysis tends to be slightly higher than the theoretical number obtained by mathematical calculation, it falls within one standard deviation of the mean of the theoretical number (Tables 2 and 5 ). For example, 13-mer oligonucleotides theoretically have 33 complementary regions with one mismatch (Table 2, see the row "Length of ASO = 13"), whereas 13-mer oligonucleotides have on average 82 ± 76 complementary regions with one mismatch as judged from our in silico analysis using several thousand hypothetical ASOs (Table 5 , see the row "Length of ASO = 13"). Thus, we conclude that the number of complementary regions of ASOs could be broadly estimated by our theoretical calculation. We attribute the tendency for the actual number of complementary regions to be slightly higher to the existence of direct repeats in the three housekeeping genes. Indeed, when we searched the complementary regions of ASOs that target direct repeats in the three housekeeping genes, we found that these ASOs tend to have a considerable number of complementary regions (data not shown).
In this study, we clearly showed that the lengths of oligonucleotide sequences significantly alter the number of complementary regions in all of the human mRNA sequences: The shorter the oligonucleotides, the more the number of complementary regions (Tables 2 and 5 ). Four ASO therapeutics have been approved to date by the FDA for clinical use: formivirsen (Vitravene), mipomersen (Kynamro), eteplirsen (Exondys 51) and nusinersen (Spinraza), and their lengths are 21-mer, 20-mer, 30-mer and 18-mer, respectively (Stein & Castanotto, 2017) . The recent development of artificial nucleic acids that bind to their target RNA with high affinity has overall led to shorter ASOs in preclinical and clinical development. For example, IONIS-STAT3-2.5 RX /AZD9150 and ISTH0036 are gapmer ASOs under clinical development and are a 16-mer and 14-mer, respectively. Furthermore, Shimo et al. (2014) and Touznik, Maruyama, Hosoki, Echigoya, and Yokota (2017) showed that 13-mer SSOs with LNA modifications efficiently induced exon skipping and exon inclusion at the cellular level, respectively. These 13-to 16-mer ASOs would theoretically have several tens to hundreds of complementary regions if one or more mismatches are tolerated (Table 2) . However, it has been reported that 16-mer gapmer ASOs with LNA modifications induce hybridization-dependent off-target effects on sections of genes with one or two mismatches, in addition to genes with perfect matches (Kamola et al., 2015) . These observations suggest that, at least in the case of gapmer ASOs, genes with mismatches may be influenced by the mechanism of hybridization-dependent off-target effects.
In this study, we estimated the number of off-target candidate sites by analyzing the number of complementary regions of ASOs in human mRNA. We showed that the number of complementary regions increases dramatically as the number of tolerated mismatches increases. However, it should be noted that the existence of complementary regions does not necessarily cause off-target effects in every situation, as off-target effects are dependent upon several factors such as accessibility to the complementary RNAs, as well as the number of mismatches with the complementary RNAs. The position of mismatches may also affect the off-target effects, although the correlation between the position of mismatches and knockdown efficiencies is currently unclear. Accessibility to the complementary RNAs is assumed to be a critical factor for ASOs function because gapmer ASOs often fail to degrade their target RNAs even if the ASOs bind to the RNAs with perfect complementarity. SSOs appear to be much less affected by off-target effects than gapmer ASOs because SSOs must bind to specific regions of off-target candidate genes, such as exonic splicing enhancers or intronic splicing silencers, to induce off-target effects. For this reason, it is important to conduct actual off-target detection in human cells by expression analysis, in addition to in silico analysis utilizing rigorous off-target search software.
Antisense oligonucleotides are known to act on premRNA and noncoding RNA, as well as on mRNA. Therefore, it is reasonable to search for complementary regions from pre-mRNA and noncording RNA sequences. However, no comprehensive pre-mRNA and noncoding RNA sequence databases useful in off-target searches are currently available. Furthermore, the physiological and/or pathological roles of noncoding RNA are largely unknown. For this reason, and in light of the safety assessment of ASOs, off-target search in pre-mRNA and noncording RNA sequences may be a little premature at this time. We expect that standardized databases for pre-mRNA and noncording RNA will be established in the near future.
| EXPERIMENTAL PROCEDURES

| In silico analysis
Three housekeeping genes were used: GAPDH (NM_002046.4), HPRT1 (hypoxanthine-guanine phosphoribosyltransferase, NM_000194.2) and G6PD (NM_000402.4). All possible 12-to 20-mer ASO candidates targeting each 12-to 20-mer stretch in each housekeeping gene sequence, starting at the 5′ end and shifting by one nucleotide toward the 3′ end with each successive ASO of a given sequence length, were designed, and their potential complementary regions were searched. Sequence searches were performed using GGGenome (http://GGGenome.dbcls. jp/) for NCBI RefSeq (Haft et al., 2018) release 70 human transcripts (http://GGGenome.dbcls.jp/hs_refseq70/). In Refseq searches, human mRNAs (accession starts with NM_) are selected from search results.
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